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Biotechnology and Bioengineering Center, and Department of Physiology, Medical College of Wisconsin, Milwaukee, WisconsinABSTRACT Transport of lactate, pyruvate, and other monocarboxylates across the sarcolemma of skeletal and cardiac
myocytes occurs via passive diffusion and by monocarboxylate transporter (MCT) mediated transport. The flux of lactate and
protons through the MCT plays an important role in muscle energy metabolism during rest and exercise and in pH regulation
during exercise. The MCT isoforms 1 and 4 are the major isoforms of this transporter in skeletal and cardiac muscle. The current
consensus on the mechanism of these transporters, based on experimental measurements of labeled lactate fluxes, is that
monocarboxylate-proton symport occurs via a rapid-equilibrium ordered mechanism with proton binding followed by monocar-
boxylate binding. This study tests ordered and random mechanisms by fitting experimental measurements of tracer exchange
fluxes from MCT1 and MCT4 isoforms to theoretical predictions derived using relationships between one-way fluxes and ther-
modynamic forces. Analysis shows that: 1), the available kinetic data are insufficient to distinguish between a rapid-equilibrium
ordered and a rapid-equilibrium random-binding model for MCT4; 2), MCT1 has a higher affinity to lactate than does MCT4; 3),
the theoretical conditions for the so-called trans-acceleration phenomenon (e.g., increased tracer efflux from a vesicle caused by
increased substrate concentration outside the vesicle) do not necessarily require the rate constant for the lactate and proton
bound transporter to reorient across the membrane to be higher than that for the unbound transporter; and finally, 4), based
on model analysis, additional experiments are proposed to be able to distinguish between ordered and random-binding
mechanisms.INTRODUCTIONLactate is transported across muscle cell plasma membrane
mostly by carrier (monocarboxylate transporter) mediated
cotransport of lactate and protons, and by a comparatively
smaller flux from passive diffusion of lactic acid (1). The
kinetics of carrier-mediated transport of lactate across
mammalian plasma membranes have been extensively
studied experimentally, with the general consensus that the
mechanism involves rapid-equilibrium lactate and proton
binding, with the proton binding first (ordered-binding),
and that the lactate may bind only to the transporter in the
proton-bound state, and that only the fully unbound carrier
or the fully bound carrier can undergo a conformational
change associated with transport of substrates across the
membrane (2). Furthermore, it has been determined that
the rate of exchange of the fully loaded carrier is faster
than that of the unloaded carrier (1,2). These findings are
based on experimental measurements of fluxes performed
using radio-labeled lactate, in which one-way exchange
fluxes are measured. Thus, analysis of these data requires
a theoretical analysis of the tracer exchange fluxes associ-
ated with putative transport mechanisms. This study
develops quantitative descriptions of tracer fluxes to test
the proposed kinetic mechanisms against the reported data
in the literature for the two main isoforms of monocarbox-Submitted October 6, 2010, and accepted for publication November 24,
2010.
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0006-3495/11/01/0369/12 $2.00ylate transporter (MCT) (i.e., MCT1 and MCT4) expressed
in muscle and the heart.
We used tracer flux data from three previously published
studies for our analysis. The first study considered was per-
formed by Juel (3), who reported flux data on lactate and
pH dependence of labeled lactate flux across giant sarco-
lemmal vesicles that demonstrate symmetry in the pH
dependence. These sarcolemmal vesicles were prepared
from rat gastrocnemius, likely resulting in vesicles that
contain both MCT4 and MCT1 with a higher proportion
of MCT4 (4–6). In the remaining two studies, rat MCT1
and MCT4 were kinetically characterized by expressing
them in Xenopus oocytes (7,8).
In this study, tracer exchange fluxes are derived for the
proposed kinetic schemes to show that an ordered mecha-
nism with proton binding first or a random-binding mecha-
nism cannot be excluded based on model fits to these data.
Using the full kinetic models, apparent kinetic parameters
for specific types of experiments are derived corresponding
to both ordered and random-binding mechanisms. Based on
our analysis of the expressions for the apparent kinetic
parameters, we proposed extensions to the published exper-
imental studies to distinguish between the proposed kinetic
mechanisms.METHODS
The following elementary steps constitute a symmetric ordered-binding
scheme with protons binding the unbound carrier (E1 or E2) and lactate
binding the proton-bound carrier (EH1 or EH2) (Fig. 1):doi: 10.1016/j.bpj.2010.11.079
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FIGURE 1 Kinetic schemes for MCT. (A) Ordered-
binding mechanism. (B) Random-binding mechanism.
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Here the two sides of the membrane are labeled 1 and 2. As illustrated in
Fig. 1 A, enzyme states with binding sites exposed to side 1 are denoted
E1, EH1, and EHLAC1. Similarly, enzyme states with binding sites
exposed to side 2 are denoted E2, EH2, and EHLAC2. Protons and lactate
on side 1 are denoted H1 and LAC1, respectively; protons and lactate on
side 2 are denoted H2 and LAC2. The k, kf, and kb values in Eq. 1 are
rate constants associated with the individual steps in the mechanism. The
assumption of symmetry based on the pH dependence data in Juel’s (9)
study requires that the forward and reverse rate constants of the carrier
exchange are equal for each of the two translocation steps as shown in
Eq. 1 (i.e., the forward and reverse rate constants for the translocation of
the unbound transporter are both kE; and the forward and reverse rate
constants for the translocation of the fully bound transporter are both
kEHLAC).
The total lactate concentration ([LAC]total which includes protonated and
unprotonated anionic forms) and lactate anion concentration ([LAC]) on
either side of the membrane are related by the following equilibrium
relation,
½LAC ¼ ½LACtotal
1þ ½H
Ka; LAC
; (2)
where Ka, LAC is the dissociation constant for lactic acid at 25
C and 0.1 M
ionic strength whose negative logarithm to the base 10 (pKa) is reported to
be 3.67 (10). Equation 2 with the cited pKa is used to compute the free
lactate (C3H5O3
) concentration as a function of total lactate concentration
specified in the experimental studies analyzed in this article.
When proton and lactate binding reactions are considered to be in rapid-
equilibrium, we define the following equilibrium constants:Biophysical Journal 100(2) 369–380KH ¼ kb;H;
kf ;H
KLAC ¼ kb;LAC
kf ;LAC
:
(3)
From the above scheme, the unidirectional carrier fluxes from side 1 to side
2 are
flux12 ¼ kEHLAC½EHLAC1 ¼ kEHLACkf ;LAC
kb;LAC
½EH1½LAC1;
flux21 ¼ kEHLAC½EHLAC2 ¼ kEHLACkf ;LAC
kb;LAC
½EH2½LAC2:
(4)
Juel (3) reports measurement of tracer fluxes rather than net transport. The
ratio of exchange of labeled lactate with unlabeled lactate across the
membrane may be derived by applying the relationship between one-way
fluxes and thermodynamic forces demonstrated by Beard and Qian (11)
for reversible processes. The exchange flux ratio of labeled lactate is given
by (11,12)
Jþ
J

exchange
¼ Keq;cyclekEHLAC½LAC2½EH2
kEHLAC½LAC1½EH1
¼ kEHLAC½EHLAC2
kEHLAC½EHLAC1 ¼
flux12
flux21
; (5)
where Keq,cycle¼ 1, is the equilibrium constant for the entire cycle described
in Eq. 1. This value for the equilibrium constant assumes that the ionic
conditions and the temperature on both sides of the membrane are equiva-
lent so that the activity coefficient for lactate is the same on both sides.
If an experiment is conducted with labeled lactate on side 1 exchanging
with unlabeled lactate on side 2 of the membrane, then flux12 would repre-
sent the rate of loss of tracer from side 1 and rate of appearance on side 2 of
the membrane. The net flux, which is not equal to the tracer exchange flux,
is given by
J12 ¼ flux12  flux21: (6)
Given an expression for the net flux, Eqs. 5 and 6 may be used to obtain
expression for the one-way exchange fluxes. These expressions are derived
in the Appendix, for the ordered quasiequilibrium binding model described
above, as well as for the random-order mechanism shown in Fig. 1 B. We
excluded an ordered mechanism with lactate binding first, because it could
Monocarboxylate Transporter Kinetics 371not account for any of the data, before analyzing the catalytic mechanisms
shown in Eqs. 1 and 21. We also tested a mechanism where the protonated
form of the enzyme could flip across the membrane and found that the
parameter estimates for the rate constants were essentially zero, reducing
it to the mechanisms shown in Fig. 1.
Inspection of the unidirectional flux and apparent kinetic parameter
expressions in the Appendix shows that the identifiable parameters in these
models are the binding affinities of protons (KH) and lactate (KLAC) to the
MCT (which are assumed to be unaltered by the order of binding), the
product of total MCT binding site concentration and the rate constant for
the translocation of the fully loaded form of the MCT ([E0]kEHLAC), and
the ratio of rate constants for the exchange of free and fully loaded forms
of the MCT (kE/kEHLAC). Parameters were estimated using a MATLAB
(The MathWorks, Natick, MA) implementation of genetic-algorithm-based
optimizer PIKAIA 1.2 (13,14) with a generational replacement plan that
was then followed by a gradient-based search. Table 1 summarizes the
experiments and the corresponding equations used to fit the experimental
data with reference to the figures in this article.RESULTS AND DISCUSSION
Lactate transport in sarcolemmal giant vesicles
Juel (3,15,16) characterized pH dependence, lactate depen-
dence, and symmetry of MCT in giant sarcolemmal vesicles
prepared from rat skeletal muscle with rapid initial unidirec-
tional tracer flux measurements made on the order of 5 s.
Juel (3) characterized tracer influx dependence on external
lactate concentrations in equilibrium exchange experiments
where intra- and extravesicular lactate concentrations are
equal and zero-trans experiments where the intravesicular
lactate concentration is zero. In addition, measurements of
tracer influx dependence on internal lactate concentrations
were made in infinite-cis experiments where the external
lactate concentration was fixed at 60 mM while the internal
lactate concentration was varied from zero to 60 mM.
The cis and trans pH dependence of lactate influx and
efflux was also characterized in the same study (3) atTABLE 1 Substrate concentrations, figure correspondence to expe
Study / experiment Figure(s) / symbol
Equation(s) for d
Ordered
Juel (3) / equilibrium exchange 2, A and B /C 14
Juel (3) / zero trans 2, A and B /- 14
Juel (3) / infinite cis 2, A and B / : 14
Juel (3) / cis pH effects, influx 2, C and D /A 14
Juel (3) / cis pH effects, efflux 2, C and D / : 20
Juel (3) / trans pH effects, influx 2, C and D /- 14
Juel (3) / trans pH effects, efflux 2, C and D /C 20
Dimmer et al. (8) / lactate effects 4, A and B /- 14
Dimmer et al. (8) / lactate effects 4, A and B /C 14
Dimmer et al. (8)/lactate effects 4, A and B / : 14
Dimmer et al. (8) / pH effects 4, C and D /- 14
Bro¨er et al. (7) / lactate effects 5, A and B /- 14, 16
Bro¨er et al. (7) / pH effects 5, C, and D /C 14, 19
Bro¨er et al. (7) / pH effects 5, C and D /- 14, 19
Bro¨er et al. (7) / pH effects 5, C and D / : 14, 19
Bro¨er et al. (7) / pH effects 5, C and D /B 14, 19
Table 1 provides a summary of experimental data analyzed, model equations, aa constant 10 mM cis lactate concentration, demonstrating
symmetry in pH dependence. Lactate and pH dependence
data of tracer fluxes were simultaneously fit to flux expres-
sions corresponding to ordered and random substrate
binding mechanisms, where the lactate and proton concen-
trations were treated as constants as specified in Juel’s study
(3). Fig. 2, A and B, shows the tracer influx data dependent
on internal and external lactate concentrations and model
fits to flux expressions corresponding to ordered (Fig. 2 A)
and random (Fig. 2 B) substrate binding mechanisms.
Fig. 2, C and D, shows the data and ordered and random
model fits for pH dependence of tracer fluxes, respectively.
The estimated parameters, obtained by fitting all flux data
simultaneously, are reported in Table 2, which show that
both ordered and random substrate binding mechanisms
can explain the data equally well. Juel’s (3) data seem to
show a lactate inhibition of equilibrium exchange and
zero-trans fluxes at 60 mM external lactate concentration
for equilibrium exchange and zero-trans experiments,
which is not captured by our model.
However, the data from infinite-cis experiments do not
show this inhibition effect. The infinite-cis experiment
datum at 60 mM internal lactate, which falls on the model
fit to equilibrium exchange data, is equivalent to the equilib-
rium-exchange datum at 60 mM external lactate. Addition-
ally, the infinite-cis experiment datum at 0 mM internal
lactate is equivalent to the equilibrium exchange datum at
60 mM external lactate, which is still below the model
prediction (see Fig. S1 in the Supporting Material). Compar-
ison of MCT4 flux data for the zero-trans experiments from
the studies of Juel (3), Dimmer et al. (8), and Manning Fox
et al. (17) showed that a consistent pattern of flux inhibition
at high lactate concentrations is not present (see Fig. S2).
Therefore, we did not modify our model to include inhibi-
tion at external high lactate concentrations.rimental data and equations for data analysis
ata analysis
pH1 [LAC1]total (mM) pH2 [LAC2]total (mM)Random
22 7.4 0–60 7.4 0–60
22 7.4 0–60 7.4 0
22 7.4 60 7.4 0–60
22 5–8 10 7.4 0
28 7.4 0 5-8 10
22 7.4 10 5–8 0
23 5-8 0 7.4 10
28 5 1–100 7.4 0
22 6 1–100 7.4 0
22 7 1–100 7.4 0
22 5–9 1 7.4 0
22, 24 7 0.5–50 7.3 0
22, 27 5–8 1 7.3 0
22, 27 5–8 5 7.3 0
22, 27 5–8 10 7.3 0
22, 27 5–8 1 7.3 0
nd corresponding plots in figures.
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FIGURE 2 Lactate and pH effects on tracer fluxes. (A
and B) Lactate influx data for equilibrium exchange
(C), zero-trans (-), and infinite-cis (:) experiments
from Juel (3) and respective model fits (solid , dashed,
and dotted lines) corresponding to the ordered-binding
model (A) and the random-binding model (B). (C and D)
Lactate influx data from Juel (3) as functions of cis (A)
and trans (-) pH, and lactate efflux data as functions
cis (:) and trans (C) pH and model fits for cis-pH depen-
dence (dashed line) and trans-pH dependence (solid line),
corresponding to the ordered-binding model (C) and to the
random-binding model (D). Model equations and fixed
parameter settings associated with fits are listed in Table 1.
372 Vinnakota and BeardThe estimated lactate binding affinity is 40.1 mM for the
ordered mechanism and 46 mM for the random mechanism
and the pK for proton binding is ~8.2 for both mechanisms,
which shows that the net efflux of lactate is governed by the
lactate gradient across the sarcolemma at intracellular pH 7.
To our knowledge, our reported affinity parameters are the
first estimates of intrinsic affinities of lactate and protons
for the MCT for the proposed mechanisms, whereas the
literature reports apparent Km values (18,19). Also note
that the estimated ratio of the rate constant for the transloca-
tion of the unbound transporter to the rate constant for theTABLE 2 Estimated parameters
Study / isoform Parameter
Rapid-equilibrium Rapid-equilibrium
Ordered Random
Juel (3) / (mixed
isoform with
MCT4 dominant)
pKH 8.17 8.197
KLAC 40.1 mM 46.6 mM
kE/kEHLAC 2.3 2.08
SSE 1.359 1.3566
Dimmer et al. (8) /
MCT4
pKH 7.125 7.106
KLAC 11.89 mM 29.73 mM
kE/kEHLAC 0.808 0.25
SSE 17.12 17.28
Bro¨er et al. (7) /
MCT1
pKH 6.282 6.664
KLAC 2.24 mM 4.63 mM
kE/kEHLAC 0.157 0.205
SSE 21.111 17.289
Table 2 shows parameters pKH (negative logarithm to the base 10 of proton
affinity to the monocarboxylate transporter), KLAC (lactate affinity to the
monocarboxylate transporter), and kE/kEHLAC (ratio of unbound and fully
bound transporter translocation rate constants) estimated from the cited
experimental data using flux expressions for ordered and random-binding
models, and the sum of squares of errors (SSE) from the curve-fitting
process.
Biophysical Journal 100(2) 369–380translocation of the fully loaded transporter (proton and
lactate bound) is >1, which is contrary to the view in the
literature that the unbound transporter has a lower rate
constant for translocation than fully bound transporter
(1,2). We show below that this relationship between the esti-
mated rate constants is not contrary to trans-acceleration or
the phenomenon of a higher tracer flux during equilibrium
exchange than in a zero-trans experiment for the same
lactate concentration.
Fig. 3, A and B, shows the reported apparent lactate Km
values for lactate fluxes during zero-trans and infinite-cis
experiments and model-predicted apparent lactate Km
values for ordered and random mechanisms, respectively,
as functions of pH (expressions for the apparent lactate
Km values are given in Eqs. 15, 17, 23, and 25). Model
predictions for zero-trans Km values match the reported
Km values and the Km values for the increase in infinite
cis-flux as a function of internal lactate concentration are
higher than the reported Km at pH 7.4 for both binding
mechanisms, which is due most likely to an underestimate
in the apparent Vmax from a simple Michaelis-Menten fit.
Under equilibrium exchange conditions, we show that the
apparent Km is a function of lactate concentration (Fig. 3,
C and D) as opposed to a single Km reported by Juel (3).
The apparent Km (25 5 6.1 mM) reported by Juel (3)
from fitting the equilibrium exchange flux data to the
Vmax½LAC=ðKm þ ½LACÞ
flux expression falls within our model-predicted ranges.
In summary, based on the data of Juel (3), both models fit
the data and one may not reject either substrate-binding
scheme.
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FIGURE 3 Apparent Michaelis constants. (A and B) Re-
ported Km values for zero-trans and infinite-cis experi-
ments at pH 7.4 from Juel (3) and model predictions
over a pH range of 6–8 for the ordered-binding mechanism
(A) and the random-binding mechanism (B). (C andD) Re-
ported Km values for equilibrium exchange experiments
from Juel (3) at pH 7.4 and model predictions over a lactate
range of 0–60 mM for the ordered-binding mechanism (C)
and the random-binding mechanism (D). Model equations
and fixed parameter settings associated with fits are listed
in Table 1.
Monocarboxylate Transporter Kinetics 373Lactate transport due to MCT4 expressed
in Xenopus oocytes
Dimmer et al. (8) characterized lactate and pH dependence
of lactate uptake flux in Xenopus oocytes expressing rat
MCT4. Dimmer et al. (8) measured radio-isotope-labeled
lactate accumulation in oocytes after a 10-min incubation
as a function of external lactate ranging from 1 to
100 mM (zero-trans) at three external pH values (pH 5, 6,Ordered Random
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model fitand 7) and reported the influx rates. The intraoocyte pH is
close to 7.4 from the recordings shown in Dimmer et al.
(8). Fig. 4 shows lactate influx data and model fits for the
ordered-binding mechanism (Fig. 4 A) and the random-
binding mechanism (Fig. 4 B). The model fits show qualita-
tive agreement with the data. Dimmer et al. (8) report that
the apparent Vmax was similar at pH 6 (4300 5 200 pmol/
10 min) and pH 7 (4200 5 300 pmol/10 min), and
decreased at pH 5 (2200 5 100 pmol/10 min), whichM)
102
B
8 10
D
FIGURE 4 Lactate and pH effects on MCT4 fluxes in
Xenopus oocytes. (A and B) Lactate influx data from
Dimmer et al. (8) as a function of external lactate concen-
tration at pH 5 (-), pH 6 (:), and pH 7 (C) and respec-
tive model fits (solid , dashed, and dotted lines),
corresponding to the ordered-binding model (A) and the
random-binding model (B). (C and D) Lactate influx
dependence data (-) as a function of external pH at
1 mM external lactate concentration and model fits (solid
lines) corresponding to the ordered-binding model (C)
and to the random-binding model (D). Model equations
and fixed parameter settings associated with fits are listed
in Table 1.
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374 Vinnakota and Beardwas stated as being in agreement with an ordered-binding
mechanism. However, the expressions for the apparent
lactate Vmax show that for the ordered mechanism it is
independent of the external pH, and that it decreases
with increasing external pH for the random mechanism
(Eqs. A9 and A17).
Fig. 4, C and D, shows the pH dependence of lactate
influx at 1 mM external lactate concentration and model
fits for the ordered mechanism and the random mechanism,
respectively. The fitted model predicts that the flux peaks
around pH 5.35 and thereafter decreases monotonically
toward pH 1 or toward pH 10. Only a single measurement
made at pH 5 qualitatively agrees with the model fit. More
flux measurements under pH 6 could test the model in the
lower pH range.
The estimated parameters (Table 2) show a higher affinity
12–30 mM of lactate toward the transporter and a lower pK
of 7.1 for proton binding to the transporter when compared
to the estimates from Juel’s (3) data. The residual sum of
squares of error (SSE) and estimated parameters show that
neither model may be excluded, although the model fits
are poorer when compared to the fits to Juel’s (3) data. A
possible explanation for the comparatively poorer fits may
be a potential breakdown of the assumption that the reported
fluxes are unidirectional initial fluxes. The lactate and
proton concentrations inside the oocyte could change signif-
icantly during the 10-min incubation with tracer-labeled
external lactate.
Lack of reported data on actual lactate time course in the
oocytes under 10 min precludes further speculation.Ordered Random
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Biophysical Journal 100(2) 369–380Lactate transport due to MCT1expressed in
Xenopus oocytes
Bro¨er et al. (7) kinetically characterized rat MCT1 ex-
pressed in Xenopus oocytes by measuring radio-isotope-
labeled lactate uptake or pH changes in the oocytes due to
lactate-proton cotransport. The data presented in Bro¨er
et al. (7) are lactate fluxes normalized to their apparent
maximal velocities, which results in the nonidentifiability
of the product of total MCT binding site concentration
and the rate constant for the translocation of the fully loaded
form of the MCT. Fig. 5, A and B, shows lactate uptake flux
data as a function of external lactate concentration at pH 7
from the study of Bro¨er et al. (7) and our model fits to the
data using the ordered-binding mechanism (Fig. 5 A) and
the random-binding mechanism (Fig. 5 B).
Both ordered and random mechanisms fit the lactate
dependence of influx well. Fig. 5, C and D, shows normal-
ized lactate influx data measured from radio-isotope-labeled
lactate uptake as a function of external pH at three different
external lactate concentrations (1 mM, 5 mM, and 10 mM)
and zero internal lactate. At 1 mM external lactate concen-
tration, Bro¨er et al. (7) also measured the lactate influx using
initial rates of cytosolic pH changes, which are very close to
the influx data from tracer uptake at 1 mM external lactate.
Model fits using the random-binding mechanism shown in
Fig. 5 D are better when compared to the fits using the
ordered-binding mechanism shown in Fig. 5 C. The param-
eter estimates for both models in Table 2 show that the
lactate affinity for MCT1 is higher than that for MCT4
and the pK for proton binding is lower by >0.5 pH.M)
102
B
8
D
FIGURE 5 Lactate and pH effects on MCT1 fluxes in
Xenopus oocytes. (A and B) Normalized lactate influx
data (-) measured using initial rates of cytosolic pH
changes from Bro¨er et al. (7) as a function of external
lactate at external pH 7, and model fits using the
ordered-binding model (A) and the random-binding model
(B). (C and D) Normalized lactate influx data as a function
of external pH using radio-isotope-labeled lactate at
external lactate concentrations 1 mM (C), 5 mM (-),
and 10 mM (:), and influx data using initial rates of cyto-
solic pH change at 1 mM external lactate (B). Model fits
using the ordered-binding model (C) and fits using the
random-binding model (D). Model equations and fixed
parameter settings associated with fits are listed in Table 1.
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Ordered Random FIGURE 6 Reported and model-predicted apparent
pH50 for MCT1 fluxes in Xenopus oocytes. (A and B)
pH50 values corresponding to the data shown in Fig. 5, C
and D, reported by Bro¨er et al. (7) and model predictions
of pH50 values for ordered (solid lines) and random
(dashed lines) binding models, using the parameter esti-
mates based on the ordered-binding model (A) and using
the parameter estimates based on the random-binding
model (B). The reported pH50 values correspond to lactate
influx flux data obtained using radio-isotope-labeled
lactate at external lactate concentrations 1 mM (C),
5 mM (-), and 10 mM (:) and influx data using initial
rates of cytosolic pH change at 1 mM external lactate (B).
Monocarboxylate Transporter Kinetics 375The pH dependence curves of lactate influx show
increasing apparent pH50 (the pH at which half-maximal
influx is attained) with increasing external lactate concen-
tration. Model predictions of the apparent pH50 shown in
Fig. 6, A and B, qualitatively agrees with Bro¨er et al.’s (7)
nonmechanistic empirical equation for the pH50. The pre-
dicted difference between ordered and random model
pH50 values is ~1.5 pH units at high (~100 mM) external
lactate concentrations, which is clearly distinguishable
based on experimental measurements. Therefore, to distin-
guish between ordered and random-binding mechanisms,
the study of Bro¨er et al. (7) may be extended to include
measurements of pH dependence of lactate influx at a
zero internal lactate concentration over a range of lactate
concentrations higher than in the original study.TABLE 3 Predicted apparent Km values under resting
physiological conditions
Study / isoform Parameter
Rapid-equilibrium Rapid-equilibrium
Ordered (mM) Random (mM)
Juel (3) / (mixed
isoform with
MCT4 dominant)
Efflux Km 23.6 23.5
Influx Km 24.5 24.4
Dimmer et al. (8) /
MCT4
Efflux Km 23.83 19.76
Influx Km 24.15 20.14
Bro¨er et al. (7) / MCT1 Efflux Km 8.73 4.89
Influx Km 10.47 4.89
Table 3 shows the model predicted apparent Km values under resting phys-
iological conditions for net lactate efflux and influx under resting physio-
logical conditions, i.e., intracellular pH 7, intracellular lactate 1.3 mM,
extracellular pH 7.4, and extracellular lactate 5.7 mM using parameters esti-
mates shown in Table 2.Model predictions of apparent Km values of net
lactate efflux and influx under resting
physiological conditions
The values for apparent lactate Km values in the studies
analyzed in this article were determined under specific
experimental lactate and pH conditions. Based on the
kinetic parameters estimated for MCT1 and MCT4 (Table
2), we predicted the apparent Km values of net lactate
efflux and influx under resting physiological pH and
lactate concentrations in human skeletal muscle (Table
3). The resting intracellular pH was taken to be 7 and
the intracellular lactate 1.3 mM (20), with extracellular
pH assumed to be equal to the plasma pH 7.4 and the
extracellular lactate 5.7 mM (20). The predicted apparent
Km values are very similar for both Juel’s (3) and Dimmer
et al.’s (8) MCT4 studies between ordered and random
model fits. The predicted lactate efflux Km from Juel’s
MCT4 parameter set and Dimmer’s MCT4 parameter set
are close to each other. The predicted Km for MCT1 for
the random-binding model is 4.89 mM. The predicted
apparent Km values show that MCT4 is indeed a lower
apparent affinity transporter under resting physiological
conditions when compared to MCT1.A sufficient condition for trans-acceleration
A key observation in the published experimental kinetic
studies on the MCT is the so-called trans-acceleration effect
where the unidirectional tracer flux is greater when there is
more lactate on the trans-side as opposed to a zero lactate
concentration. We derive a sufficient condition for trans-
acceleration by determining an inequality for the condition
that the unidirectional tracer flux in an equilibrium
exchange experiment is greater than the unidirectional
tracer flux in a zero-trans experiment for the same pH and
lactate concentrations:
kE
kEHLAC
 1

\
½H2
KH
: (7)
Equation 7 shows that the rate constant for translocation of
the fully loaded carrier need not always be greater than the
rate constant for translocation of the unloaded carrier, for
this phenomenon to occur.Design of experiments to distinguish between
ordered and random-binding mechanisms
Analysis of Juel’s (3), Dimmer et al.’s (8), and Bro¨er et al.’s
(7) data in the preceding sections showed that their data areBiophysical Journal 100(2) 369–380
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FIGURE 7 Model predictions of pH50 for zero-trans experiments using
ordered (solid lines) and random (dashed lines) binding mechanisms as
a function of external [LAC]total/KLAC, computed using parameters esti-
mated from all three studies analyzed in this article.
376 Vinnakota and Beardinsufficient to reject either ordered or random model for
substrate binding. Herein we present an approach for exper-
iment design based on the predicted behavior of the
apparent kinetic parameters, and manipulation of only the
external proton and lactate concentrations. Equations
A22–A29 show the apparent Michaelis constants and
maximal velocities of unidirectional tracer-labeled lactate
influx with respect to external lactate and proton concentra-
tions when the internal lactate concentration is set to zero
(zero-trans experiment), which simplifies both the expres-
sions and the experimental conditions. In this section, we
denote side 1 as the extracellular or extravesicular side
and the side 2 as the intracellular or intravesicular side.
Equations A22–A25 show the apparent zero-trans Km
values and Vmax values with respect to external lactate
concentrations, which are functions of the external lactate
concentration and the internal proton and lactate concentra-
tions. As the external pH approaches extremely alkaline
values with respect to KH, the unidirectional tracer flux itself
approaches zero (see cis-pH effects in Fig. 2, C and D), and
when the pH approaches extremely acidic values with
respect to KH, both ordered and random mechanisms yield
the same apparent Vmax and Km. Therefore, characterizing
lactate influx as a function of external lactate at various
external proton concentrations will not help to distinguish
between ordered and random-binding schemes.
Equations A26–A29 show the zero-trans apparent Km
values and Vmax values with respect to external proton
concentrations, which are functions of external lactate
concentration and internal lactate and proton concentrations.
As the external lactate concentration approaches values
much higher than KLAC, the [H1] Km approaches zero (or
pH50 goes toward infinity) for the ordered mechanism and
KH=

1þ kEHLAC
kE

1þ ½H2
KH

for the random mechanism. Under these conditions, the
apparent Vmax value approaches the same limit
kEHLAC½E0=

1þ kEHLAC
kE

1þ ½H2
KH

for bothmechanisms. Fig. 7 shows predictions of pH50 values
for ordered and random-bindingmechanisms as a function of
[LAC1]total/KLAC, based on parameters that were estimated
using the ordered mechanism based flux expression from
all three studies listed in Table 2. The internal pH values
are fixed at 7.4 for Juel’s (3) study, 7.4 for Dimmer et al.’s
(8) MCT4 study, and 7.3 for Bro¨er et al.’s (7) MCT1 study.
A random mechanism results in a saturating relationship
whereas an ordered mechanism results in a nonsaturating
increase in the pH50. Therefore, the pH50 predictions show
that in going from an external lactate concentration of KLAC
to a concentration of 10 KLAC, the change in pH50 is much
larger for the ordered mechanism than for the random mech-Biophysical Journal 100(2) 369–380anism. We illustrate this phenomenon in Fig. S1 in terms of
right shifts in flux versus pH curves at external lactate
concentrations of KLAC, 10 KLAC, and 100 KLAC. Fig. S3
shows that the saturating behavior of the half-maximal pH
predicted for the random mechanism is clearly distinguish-
able from the nonsaturating behavior of the half-maximal
pH predicted for the ordered mechanism.
The results for the shift in pH50 values were similar when
we used parameters that were estimated using a random-
binding-mechanism-based flux expression from all three
studies listed in Table 2. Therefore, an experiment con-
ducted to characterize the pH dependency of lactate influx
at high external lactate concentrations, in addition to the
experiments conducted by Bro¨er et al. (7) at lower lactate
concentrations, can potentially reject one of the proposed
substrate binding schemes, i.e., ordered with protons
binding first or random.APPENDIX
FLUX AND APPARENT KINETIC PARAMETER
EXPRESSIONS FOR ORDERED-BINDING
MECHANISM
The ordered-binding mechanism with proton binding first shown in Eq. 1
and in Fig. 1 A may be solved for quasi-steady state of [EHLAC1],
[EHLAC2], [E1], and [E2] to derive the unidirectional tracer fluxes defined
in Eq. 4. In addition, lactate- and proton-bound forms of E1 and E2 may be
described in terms of substrate binding equilibria following the rapid-
equilibrium binding assumption,
½E1 ¼ ½E1total
1þ ½H1
KH
þ ½H1½LAC1
KHKLAC
 ¼ ½E1total
P1
; (A1)
where
P1 ¼ 1þ ½H1
KH
þ ½H1½LAC1
KHKLAC
:
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½E2 ¼ ½E2total
1þ ½H2
KH
þ ½H2½LAC2
KHKLAC
 ¼ ½E2total
P2
; (A2)
where
P2 ¼ 1þ ½H2
KH
þ ½H2½LAC2
KHKLAC
:
The conservation of total enzyme mass [E0] may be expressed as
½E1total þ ½E2total ¼ ½E0: (A3)
Quasi-steady state of [EHLAC1], [EHLAC2], [E1], and [E2] results in the
following equation:
 kEHLAC½EHLAC1 þ kEHLAC½EHLAC2
 kE½E1 þ kE½E2 ¼ 0:
(A4)
Based on our assumption of symmetry, we denote the forward and reverse
rate constants for the translocation of EHLAC and E as kEHLAC and kE,
respectively.
Using Eqs. 8–10 in Eq. 11 and solving for [E1], we obtain

E1
¼

E0

kEHLAC
½H2½LAC2
KHKLAC
þkE
	

kEHLAC
½H1½LAC1
KHKLAC
þ kE
	
P2þ

kEHLAC
½H2½LAC2
KHKLAC
þkE
	
P1
:
(A5)
Substituting for P1 and P2 from Eq. 8 in Eq. 8 in Eq. 12, we obtain

E1
¼

E0
½H2½LAC2
KHKLAC
þ kE
kEHLAC

½H1½LAC1
KHKLAC
þ kE
kEHLAC

1þ½H2
KH
þ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½H1
KH
þ ½H1½LAC1
KHKLAC

:
(A6)
Therefore, the unidirectional flux from side 1 to side 2, kEHLAC½EHLAC1,
is given by
flux12 ¼
kEHLAC

E0
½H2½LAC2
KHKLAC
þ kE
kEHLAC
 ½H1½LAC1
KHKLAC½H1½LAC1
KHKLAC
þ kE
kEHLAC



1þ ½H2
KH
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC



1þ ½H1
KH
þ ½H1½LAC1
KHKLAC

:
(A7)Apparent [LAC1] Km of flux12 is given byKLAC1m; 12 ¼
KLAC

kE
kEHLAC

1þ ½H2
KH
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½H1
KH

½H1
KH

1þ ½H2
KH
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

:
(A8)
Apparent [LAC1] Vmax of flux12 is given by
VLAC1max; 12 ¼
kEHLAC

E0
½H2½LAC2
KHKLAC
þ kE
kEHLAC


1þ ½H2
KH
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

: (A9)
Apparent [LAC2] Km of flux12 is given by
KLAC2m; 12 ¼
KLAC
h½H1½LAC1
KHKLAC
þ kE
kEHLAC

1þ ½H2
KH

þ kE
kEHLAC

1þ ½H1
KH
þ ½H1½LAC1
KHKLAC

½H2
KH
½H1½LAC1
KHKLAC
þ kE
kEHLAC

þ

1þ ½H1
KH
þ ½H1½LAC1
KHKLAC

:
(A10)
Apparent [H1] Km of flux12 is given by
KH1m; 12¼
KH
"
kE
kEHLAC

1þ ½H2
KH
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC
#
"
½LAC1
KLAC

1þ ½H2
KH
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½LAC1
KLAC
#
:
(A11)
Apparent [H1] Vmax of flux12 is given byBiophysical Journal 100(2) 369–380
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kEHLAC

E0
½H2½LAC2
KHKLAC
þ kE
kEHLAC
 ½LAC1
KLAC½LAC1
KLAC

1þ ½H2
KH
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½LAC1
KLAC

:
(A12)The unidirectional flux from side 2 to side 1 is given byflux21¼
kEHLAC

E0
½H1½LAC1
KHKLAC
þ kE
kEHLAC
½H2½LAC2
KHKLAC½H1½LAC1
KHKLAC
þ kE
kEHLAC

1þ ½H2
KH
þ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ½H1
KH
þ½H1½LAC1
KHKLAC

:
(A13)
Flux and apparent kinetic parameter expressions
for random-binding mechanism
The elementary steps in a rapid-equilibrium random mechanism for MCT
shown in Fig. 1 B areH1þ E1 #
kf ;H
kb;H
EH1
EH1þ LAC1 #
kf ;LAC
kb;LAC
EHLAC1
LAC1þ E1 #
kf ;LAC
kb;LAC
ELAC1
H1þ ELAC1 #
kf ;H
kb;H
ELACH1
EHLAC1 #
kEHLAC
kEHLAC
EHLAC2
EHLAC2 #
kb;LAC
kf ;LAC
EH2þ LAC2
EH2 #
kb;H
kf ;H
E2þ H2
EHLAC2 #
kb;H
kf ;H
ELAC2þ H2
ELAC2 #
kb;LAC
kf ;LAC
E2þ LAC2
E2 #
kE
kE
E1
: (A14)For this mechanism, the unidirectional forward flux expression, derived in
a manner similar to the ordered-binding mechanism shown in the preceding
section, isBiophysical Journal 100(2) 369–380kEHLAC

E0
½H2½LAC2 þ kE  ½H1½LAC1flux12 ¼ KHKLAC kEHLAC KHKLAC½H1½LAC1
KHKLAC
þ kE
kEHLAC



1þ ½H2
KH
þ ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC



1þ ½H1
KH
þ ½LAC1
KLAC
þ ½H1½LAC1
KHKLAC

:
(A15)
Apparent [LAC1] Km of flux12 is given by
KLAC1m; 12 ¼
KLAC
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½H1
KH

þ kE
kEHLAC

1þ½H2
KH
þ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

½H1
KH

1þ ½H2
KH
þ ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½H1
KH

:
(A16)
Apparent [LAC1] Vmax of flux12 is given by
VLAC1max; 12 ¼
kEHLAC

E0
½H2½LAC2
KHKLAC
þ kE
kEHLAC
 ½H1
KH½H1
KH

1þ ½H2
KH
þ ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½H1
KH

:
(A17)
Apparent [LAC2] Km of flux12 is given by
KLAC2m; 12 ¼
KLAC
"½H1½LAC1
KHKLAC
þ kE
kEHLAC

1þ ½H2
KH

þ kE
kEHLAC

1þ½H1
KH
þ ½LAC1
KLAC
þ½H1½LAC1
KHKLAC
#
"½H1½LAC1
KHKLAC
þ kE
kEHLAC

1þ ½H2
KH

þ ½H2
KH

1þ ½H1
KH
þ ½LAC1
KLAC
þ½H1½LAC1
KHKLAC
#
:
(A18)
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"KH1m; 12 ¼
KH
kE
kEHLAC

1þ ½H2
KH
þ ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½LAC1
KLAC
#
"
½LAC1
KLAC

1þ ½H2
KH
þ ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½LAC1
KLAC
#
:
(A19)
Apparent [H1] Vmax of flux12 is given by
VH1max; 12¼
kEHLAC

E0
½H2½LAC2
KHKLAC
þ kE
kEHLAC
 ½LAC1
KLAC½LAC1
KLAC

1þ ½H2
KH
þ ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC

1þ ½LAC1
KLAC

:
(A20)
The unidirectional flux from side 2 to side 1 is given by
flux21 ¼
kEHLAC

E0
½H1½LAC1
KHKLAC
þ kE
kEHLAC
 ½H2½LAC2
KHKLAC½H1½LAC1
KHKLAC
þ kE
kEHLAC



1þ ½H2
KH
þ ½LAC2
KLAC
þ ½H2½LAC2
KHKLAC

þ
½H2½LAC2
KHKLAC
þ kE
kEHLAC



1þ ½H1
KH
þ ½LAC1
KLAC
þ ½H1½LAC1
KHKLAC

:
(A21)
Apparent kinetic parameters for ordered
and random mechanisms when [LAC2] ¼ 0
Expressions for apparent [LAC1] Km values when [LAC2]
is zero
Ordered mechanism:
KLAC1m; 12 ð½LAC2 ¼ 0Þ ¼
KLAC

2þ ½H2
KH
þ ½H1
KH

½H1
KH

kEHLAC
kE

1þ ½H2
KH

þ 1
:
(A22)Random mechanism:
KLAC1m; 12 ð½LAC2 ¼ 0Þ
¼
KLAC

2þ ½H1
KH
þ ½H2
KH

½H1
KH

kEHLAC
kE

1þ ½H2
KH

þ

1þ KH½H1
:
(A23)
Expressions for apparent [LAC1] Vmax values when [LAC2]
is zero
Ordered mechanism:
VLAC1max; 12ð½LAC2 ¼ 0Þ ¼
½E0kEHLAC
kEHLAC
kE

1þ ½H2
KH

þ 1
:
(A24)
Random mechanism:
VLAC1max; 12ð½LAC2 ¼ 0Þ
¼ kEHLAC½E0hkEHLAC
kE

1þ ½H2
KH

þ

1þ KH½H1
:
(A25)
Expressions for apparent [H1] Km values when [LAC2] is zero
Ordered mechanism:
KH1m; 12ð½LAC2 ¼ 0Þ
¼
KH

1þ ½H2
KH


1þ ½LAC1
KLAC
þ ½LAC1
KLAC
kEHLAC
kE

1þ ½H2
KH
:
(A26)
Random mechanism:
KH1m; 12ð½LAC2 ¼ 0Þ
¼
KH

2þ ½H2
KH
þ ½LAC1
KLAC


1þ ½LAC1
KLAC
þ ½LAC1
KLAC
kEHLAC
kE

1þ ½H2
KH
:
(A27)
Expressions for apparent [H1] Vmax values when [LAC2]
is zero
Ordered mechanism:
VH1max; 12ð½LAC2 ¼ 0Þ
¼
kEHLAC

E0
½LAC1
KLAC
1þ ½LAC1
KLAC
þ ½LAC1
KLAC
kEHLAC
kE

1þ ½H2
KH
:
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VH1 ð½LAC2 ¼ 0Þmax; 12
¼
kEHLAC

E0
½LAC1
KLAC
1þ ½LAC1
KLAC
þ ½LAC1
KLAC
kEHLAC
kE

1þ ½H2
KH
:
(A29)
SUPPORTING MATERIAL
Four additional figures are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(10)05185-4.
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